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IiI. I_TRODUCTION

The discovery of large intensities of ionizing radiation in soace has

sho.;n the need for rather exter_ive radiation damage studies on the electrical

and mechanical components used on space vehicles. Space radiation consists

orimarily of electrons and protons. _diation damage studies using electrons

are fairly stralghtfo_,-ard; there are many sources of high energy electrons

available for this kind of exoeIS_mental work. This is not true for orotons.

Protons of energies uo to around 3 Mev can be obtained from electrostatic

accelerators, but for energies up to several hundred Mev cyclotron-tyoe _-l_-_

tots are generally required. _uese machines are not corJzon, nor ar_ thev zcnerai!y

available fo_ extensive radiation damage studies. Little data is available

as to oroton damage to equioment; exoer_mentai studies usip_ protons are

often slow, difficult, and exoermive.

In organic materials it has been fairly conclusively d_onstrate! that

equal doses of radiation (where the dose is exoressed in terms o2 absurbcd

energy) %_iI cause equal d_age i_esoective of the t_e of radiation inw_Ivcd.

To date no such equivalence has been demonstrated in inorgani c materials.

If a damage ecg/ivalence were established between orotons and neutrons,

then the enormous amount of neutron damage data and the comoarably econ_,mical

and convenient reactor facilities could be utilized to obtain irradiation

information on mat@rials and devices to, in turn, oredict their damage in

the oroton env!ronmentinsoace. _ecently questions about the latter aooroach

have been orop0sed. To this end, this study vas undertaken for NASA.

The objective of this study program was to deten_ine if a damage

correlation existed between orotons and neutrons in semiconductor materials. A



two-fold aoproach , theoretical and empirical, was undertaken early in this

study:

1. A study of the basic oroton and neutron damage processes in

semiconductor material to determine a basic theoretical correlation.

2. Using the existing experimental proton and neutron damage data

in the literature on semiconductors to arrive at an emoirical

correlation.

The correlation determined by both approaches then _uld bc

tested through carefully controlled radiation exserLu_nts.

Daring the study program, it was found that both of the above t_ks _z_id

not yield a useful proton-neutron correlation. It was then decide_ to us_ the

exnerimental program, to carefully determine the d_mage correlation. Silicon

solar cells were chosen as the test item for two reasons: The_ ha_e

convenient basic diode structure from h" _ _ic darn _ "_hew._icn we could obtain c!_" " _....

data on the cells themselves would be useful to NASA frown the soace radiation

environment considerations. Tests were conducted under fission and _oderatcd

neutrons and various energies of protons.

Thus, the reoort presents the results of the stu6.y progrmm at determining

a neutron-proton correlationby three aoproaches: Theoretical, empirical using data

from existing literature, and experimental, the latter yielding a correlation.



1-Fo Di2C_SSION

A o _ORETICAL C'ALC_o_L_A_IO_" OF D,_GE

This scation describes mud campares the neutron an:l proton d_e_e pr_,_-ction

processes _m;_silicon. We _iil _hc_z_ within the state-of-thc-art_ +dqat a p_,ten

d__z_ is b_!c,la!ly diffe.__nt free neutron d_e in si!f.con.

exceptions such _ _._09o_ s_atien. _ere are no e_:gct m_del_ for the p_A-t_tio':_ing

e:cl _at._n erJof the _ne_:_.____of a _-oakon into lattice vfb:-stions, electronic - "

additicnal _H.splac_nents. Electro.__cic excitation models _u_a pa_-_!culm-ly poor.

With scram sfm_!i_img ass_%ions, s_ne _._rox_-_-m,_e c_-!c_%ations of the form_t!c.r, of

defects can be zade. We _ dizmass each of the proce_:;es in t_e o:_cr in "_:,""

they occur.
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_.;__y-z__u_io,,_(z)=a (2):

_1:,2 Tm
dLo" = dL_ =

L.o

PI &_

_ 9
(6)

,.-2
For relativistic ve1_citles it _t "_ r_ted th_ b is _rc_ortic_na! to V _L_

_nctiom of the tlms _pe=t Im the eieetros'_atic field. _ne _%__I re!_tivistic

cross section is th_:

f 1

(T)

To obtelm the cro_s _e_!on for rm_i__s of e__e._....__--_r_................th_.u _=_: _....___T,

%_ Integrate:

P %
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= 1.3 mo_ for lOmcvproton;_m T i = 12 ev

m >>m±m
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P2 m

-21 ' 2
= .98 x JO _-¢-_

_he d_i'ty of silicon is *- .052 x

_2 -i (93

_ "._..__T"_''_
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.vvo ._-.,_

_ .7z_7
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.i_!3_,62 23.1

._;_3 .2

.67_sc_ 6.

.033



Ii

For _nergi_s _a_c_r than a_ 500 _v, ÷_he spsllatio_ cross _eet_om can be

_-_ort_nt. _he silicon _cleus is _ut 3 x I0"IS em in r_!!us. _ is is_gcr

than _he w_ce Ic_ _ = _/2 _ of _h_ _ro_on. _or _ur_ose_ of _ttimg am

_r limit on the spallatic.u c_o_s _ectiomj _ cram use the cro_s sectiom of a

_hore_ i.e., _ (E + R )2. _ z_sults in _ Ui_r limit oE .6_ b__ms.

si p

Row i_ort_mt this is .,_Is _ ti'.mmumber of defects pro_-a_A by c_ primary

_e C_CA_E

If the _rgy of a kz_.kom is bclcw a_out _ k_v for silicom (_hmrc screm_i

Eutherfor_ se_t_!mg sets in) the scattsrimg off other at_s is _roy_i_ataly

isotro_ie in t_ c_t_r Of _m coord!natms. For scmtt_rim_ of tu,_ id___tica!

pmrtlclem, this corr_oz_ to _t_mt _i_tributiom cv_r all e_Trgies bslow

the energy of thin imaifent k_ockon for both _ _ of the r_coil atom

a_ the auer_y of th_ scatterel atom. Belo_ sc_2 _nergy Te_ ther_ is little

energy los_ in ene_r au_ to electronic excitation.



o

- _ of a_ctron

= iomizati_m _s_i_l £_ i_ater_.

v_l_a of (_/aX)e _ _ot _c_a. it is _ _ for _les _ow

thr_hol_, it is a _4or frsctioa of th_ _ez_ los_. _ _e fo_ by _:im L_k

c-aey_ gbov_ _ is lost to c_mctro_Ic _xcit_iom, i.e.
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_i_L_e_ts in _ :_ is:

(!:))

° ?_ /

. ES_C_ __

_shol_ era:

T =

• 8 _o
I f_r insulators
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%6 2 IT _
L

~ P_ _ &-5
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"i B B

e

_q
* _; fort <<_2

a l

.'2_-' )

_i

(z:_)

Tals cross section is very insen_itlve to the choice of Te. For protons w_

_o not have to be too concerned about cur choice of Te _ the sheba of the

threshold of electronic excitation.

These cross sections are shown in Figure i.

.:. ,. ).
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be well re_sem_ _y three counts, the faBt or fissi_ ncut.ro_z, the

epithermml or !/E tall neu_ am_ th_ t_r_ m_utro_s. Excm_t _n the pxesence

of lithium or boron, _he thermal meu_t_._ms_o wry little _e _ silicon becaus_

of the _ c_ cross section. _ le_es us __th -_e f_Jko_-Lu_ s_ectru_:

_, CE) : _ _ ._ E/._ .........., ]

2 e

= 0 Oth_r_._._

_r_:

N

f

= .o55_3

= _r of e_Ithermal mmut_o_

is v_ry_roxlmmte,
2

to other errors.

coo__s. For _i_otrop!:_ _:mt_r of _ss scattering, the _istrib_ion fuucticn

of _ckoms from m m_ut_ of amer_y E is:
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is of i_'_r_st to note th_ fractio_ of _i_:_ry _ocko_ in c6ch _r_rv_l.

12 ¢_ < T < 7.6 Kay .359

7.6 =v < _ < i99.5 K._v .!28

E" "]

crozs _ection for _i_-_l_nt i_ Ik._9 b_s. _e ere 1!9

disp.le:xments_ if _ly p_'_ies %_ich are _oah_i _t of %hei__ site _e cc_-_ider_d,

1_t %_,u the 51-3_ of the colli_io_s _ich _ro_uce _o _,_t _r_ _-_m_r_ge_in,

th_r_ s o_ly 58. ___ly y_ of th_ _r_ _l_nts r_sult in 0_

clu_t_s _!l_r thc_ the 31"/ _i_pl_ts _r clu_t_ for f_st _utro_

i
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_e c_'_c_ from one collision will cc_talm all the _/s_-_nts in a _,I.I

o

for _r_iez of gres_ar them a E_v. _ _istrlbutiom of fln&l !oc_tioms of

z_nce.n_rg_-tic p___/r-_y,._mkoms is _roxizat_y spherlc_lly s_etric ab<at the

_an _ (6). it fel!o_s th&t the _tributi_ of all tL_. _izp!_.c__L_nts in the

c_ _,_II,be _rozL_teiy _igh_ric_L!y symmetric. _he vol_,_ of i_is cluster

2_zz_ 5.:z:o "_ _ , __ (zg)

T-___rm is _!e.... ev_-'_nce (7 t_-_u I0) _"_:t _. v_,_r_t _.,._:......_c?.. _.w;e", ...._...........:_,_._ by

kmo_/mg an at_ out of ._- - _ _'_ --_ _ ""

a _c.:,_r_t=ire in itz .......

c_u p_i_!i_ - reli_ the stress im oth-_ st]._s cen_r_ (lattice d:_f_ct=) much a=

_,y a+_x_, _-_._ttic__imloc_iom_, i_terstlti_!s, _ oth_ o vae_.mcies. In tho

st_rs fi_l_ of the stra_s cauter _the r_.i_x Ju__ps of +_ va-_j h_e a p_f_.zu'rA

_Lirec%io_ tc_ _ _ e_rrg_ sta'_e. Oac_ i_ the lolvar e_cr_ _'_s_sa the V_c_c_

i= t_ "_mle.-S the ther__z& energy (k_) is the o_er of t'_ "_"_'_'.___e=crgy of

this st_t_. _hm v_cy _ _if_ase T_hro_u_Z the l_t%ic_ _atll tr_9_l to form

stable 4[elects.
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E _ ,i6
v

_z__ ....z (2} _t_.

CRCSS _0_

-i
_(_e) -35

E + .0_
Y

-i

,_tm _ < 750 _-_

form _iv_cie_ (_._o _-J_nt v_mnt l_ticm _i+_) _ctc_. of _c_;i_g. With _uy

_r_rtl_c!e (e .g., e]_._r:_n, _roton, _YI mzut!_ra) _iv_c_z_cies m,.-_ be _re_ccd by

_urlng t_e ca_cs_e. We _'_._1. eaq_ect ___to.ns to _o_es _ higher y_r.ee_te_ of

_ivac_ncy defects thau elmct_ons both from tz_ping a_-I _ti'al pr_iuction.

From Table II _ ge_ thmt electrons (-7 =cv) pzc_uce .18/.C05 = _2 (Ec - .16)

levels per (Ev + -3)l_vmls. _e e_ct a !o%_r ratio for pzotonz. ._.e_e _ leve_l_

are i_9ort3at bec_mse of the;Iraeffect _n lifeti_"_.
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J l[eutrcz_ prc_uce 1C0 or more _is_lac_-._o_ts _ a azall s_h_rical r_gicn. _4onte C_lo

_t_dle= by D_-L-n_._ c_i Bealer (12)_ .hu:;.2 "hh_t th_ vac._mci_s _,_rm tr,qr_¢_ Lu hIzhly

_i_o_-_er%_l r_ion of the oz__erea b!mary _ttice of Be0. Si__ii_r.ly, _-m _tCu_ expect

on the b_Is of th_ stress _ the v_xaucy trill be tr_.i_/ in thin highly strms_e_

z_ion of m n_utron cluster. If _..... _ the e___e, th_ only th._ tryout_ _÷ _"

_ . ..... _._l.c. '-:c. _- ,..... 2.5

6 .aZ._,_.YSIS0F D_._ _&

In " _._.- is

_epo.n<ls most stronEJ_y on. G.K. Uerhhe_ (13) h_ ___--_-'_._elec-_c_n d._ _- i_ta

to obtodm the iifet!__ _m_._ _er _efe_t _mi the hole _z_ elcctrom c_ture cross

sections us _in_: 1 1 1

T T T
O b
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b
T O+ _- [ ÷

=o.Po j
_" J ,

0

&P
0

_.-: _uilibri_ eiectiom s_ hole co__c_ntratioms

_- = l/_ < _ >

c_ & c_

the _iT_cy _Ich %_u/_ b_ im the (-) chsr_ st_ _I_/_,ve _ !_7_.i _t (E_ + ,_7)-

We must asstr_ ther_ ar_ _ selectic_ zu!_ _rc._tlug /;_etr_sitlom to the

grour_ _tat_.
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-15 2 = i0_19 o
In 5 ohm-_ p tyge z__Iztcon_ obtaimed a _ 1.8 x 20 _ au& a:? 1.9 x c_"m

for _ l_,-ml _t (Ee - .16)my. He ha_ &_fflculty znsly_.dn_ghis &zta because of eff_c_

_bout (E
" V

+ .3)_v level. For 5 oh_-_ _ _ uilicon the fermi level is _t

.21)ev _c re_m t_er_r_. _ 2 ohm materia! _i+_ the ,._r_i level at

•i_2 _ cou!_ _ct _'_

_e _ r_t _ the c_,_#t_zee_o-ss

-i
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_m _o z_t _ ho_ m_ v_c_ciem _re tr_o_ in e_ch t_v/e of _fect. So _oir_

so!_ co!l _-atn c_ cross zection_ c_Icu_11_t_ _ccoz_ing to _wr_ced/ng _ections, _

_i_Aimt¢_ th_ lif_t'1_s _ _r v& _mue_rper _ (i.e., di_lac_ummt), by

di_z the ii_ti_m _-_ c._nzt,_t by _e di_!m_m_nt c_s _mctiom. Tn_ze

c_icui_tiom_ _::_ iist_ in T_blc IV. _ the diffu_iom !o_ch_ _ ten, taut

bm r_u_d +_ _ lifet_z-e £_-_ge coz_t_mt by n.'_Itipiyi_J_by the _ifDnsiom c_,_si_t.

0

_.) <+:_.L"/_-a -,----+-+',,.:_.I:_Z_:;o

_ac_ny.

ELD

Z_ k_ = 5.3 fer i o]_P

= ._6 for 2 01_ _ t_

- 8 for 2 o_ P t_z_.
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Tmo _oss _tlam is than _ _:_; R is the ._%ius of th_ ___2st,_r. Fo_

0

R = _T A the c_ozs _ctioa of _.cl_te_ _ _a (T O = 7.6 X_v) ionlz_!o_

thresho_ __ #izsiom ___atro_ i_ 9-6 x 10 "12 on2. . _ush the cluztor is

bl_c_ t_ ,_,_o_Ity caz_:.n:._, .the z_t_omti@l hill _-._.-.&s_e_ity c_u_:ews. _me

r_c_im_tiom occu_ only if _ _ority carrier is cb_o_b_G b_fc_e the abzorbc_
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neutrom_. The =e_ llfet_..__._d,_Z_e c_n_ts_ts %_z_ .66 x !D -5 c_2 (sec-m_utron) -I

at 1!.0X° _._n tYg_ _ -55 = 10 -5 _a (zs=.mcutron)-I _ 120 _o :LuI_ tD_. _e

a_-_.Ta om minority _--rl.mr !ifetlmm is _oro _z_enlnz:_ on the si_ (cross z_ction

are_) of _ c!u_ter thsa the. ty9_ of _efcct i_ the elu_ez. Car_&om in _z_urity

oonce_tr_tiozs _ h_v_ !Italic effe_t om th_ _c_,n _d hole r_cezb'_ti_n

c__nture cross _e_i_ms. _._-"_m _,.-.-_g_ezesults im _.fccts "_i_._.cz_a affect the

llf_ti,_, a_m/_ to t>_ of _efc_t. Thu_, the c_tu_e cross so.ions are

Imflucmce_ by i_urity com_m_tratiom.



0
B. "._,-V_'TO OF PRES_TL_ _!STING DATA

_re_en_Ay existing irradiation data on sem!conductorv has been _nalyzed

to det_rmlne an empirical neutron-proion correlation constant. The ' ,_ou_k of th_

neutron irradiation damage data is on transistors while _,he proton irradiation

damage data is on-solar cells, The electrical pars;aeter which is common to both

of these de___es and is an indicator of radiation dmua_e is the minority carrier

llfet_e degradation of the base region. The radiation &_z_ge c_u be exprezs_J

in the fo_n of a d_.mage constant K. .he lifet_le eei_radation constant K is

defined by the 'expression:

where 70 = initial minority

T = final minority carrier ilfet_,n_e

= accumu!ated dose

In the case of solar ce]_!s an ad_l_].ona± d_age ........__,_.... _ _ ................

of its more a_.e_ relationship to _'_

minority carr_er diffusion _len s _n d_:-._:a ,_, :-,_ i_._._, co,_s_._ it is def_cd by ihe

expression: l/L2 = !/Lo 2 + KLf_.

where Lo = initial minority carrier diffusion length

L = final minority carrier diffusion length

and i_ related to the lifetime damage constant, K , by

where D = minority carrier diffusion constant.

cm 2 =2,For p on n cells, D = I0 /see, and for n on p .....
n e

for 2 ob_n,-cm silicon (z_)

3O



I. SOLAR CELL .tNALYSiS

In the solar cell analysis, the diffusion length damage constant is related

to the proton energy. In most cases the dazage constant is reported directly

by the experimenters. In the cases where the d_mage constant _ms not given and

some information of the spectral response change is kno_uu, one can determine th_

diffusion length d_m_Ee constant by means of the spectral respcr_e - diffusion

length relationships as _zrlved by D_._ and Smith -_m Eeference !8.

51

No analysis of diffusion length degradation could be perfor_.ed from data where

only _o_. degradation of power outout or short circuit ...... _

sun or tungsten xlght_ _ms repu_ _._.

T'_.edata analyzed is s'._arized in Tables A-I "_n_gh..... ._-_;_ "_n -_?_-_.'L- and

Figure 4.

No information on the effects of neutrons on solar ce!__ aegr___-" __ "_.s"

available.

In_Tabies A-III and A-iV, the value _, isthe damcge constant calc_:,_atcd by

RCA from their spectrai response data.

In the data preoen_d in Tables A-IiI, the discrepancy b,e,_._.Teend*_,.age constznts

K determined from lifetime measur_uents and those fro z spectral response dat_% was
T

believed to be due either to the method by which lifetimes were meas'._red, or to the

difference between equilibrium and transient lifetimes° Values of damage constants

obtained from spectral response data were considered by the experLmenters to be

more reliable than values obtained from the pulse injection method of measuring

lifetimes.

Figure 4 is a plot of the average values of ._ vs. proton energy, (Tables A-I

through A-V) _th spread in c\:ca indicated by vertical lines, regardless of the source

of information or _he experLmental conditions. No attempt was made to draw any

"average" curves, but this figure gives an idea of the _order-oz-magnltude of the

spread in damage constant values, and of the n/p vs. p/n variation. For comparlson,

the transistor data of Hulten, et.al., (23) is shown.

¢
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2. TRANSISTOR _2_ALYSiS

The approach to the _l:_sis of th=_ lit_-ature on nuclear radiation effects

in transistors was to relate the life_~_e_"_ dp.-_ge constant K to the proton
7

energy or the reactor neutron speetr_ In zany r_or_cs the damage co:_o_.,n,, K

_-._asrepor_ced directly, in others, the constant was calculat_ _°hen sufficient

data was r_orted_ by the fol!o;_ng method.

The effect of nuclear radiation on the cow-<on emitte=-'fo._.__zlcurrent saln

(h_E) _ as dcvelcced by Lofers!d (24) can be related b_7 the _ _" -'-_ ._.0 _.C, _,Ct_ ek_r_S:iO_. _

!/-h_E -,nFEo ,
- T

hFE = current gain after bonba_'_ent

hFE ° = current gain initially

= average transit time of minority ....._,-. _ers ill base

= radiation dose

K = lifetime damage oonst_nt

and K is related to minority carrier lifetine _."oj
T

The averaEe tr_,nsit tL_e of minori%y carriers in the base _e$ior- o__ the ............._._i_o_

#ms been calculat_d by Moll and Ross (25) ms follo_-s:

for uniform base, •

for linear graded base,



where

W = base width

D = minority carrier diffusion length

b alpF_ cutoff frequency

The above expressions agree _ll _lth experiment, except in the case of

P'E-P germani-_ transistors where the effect of depletion layer widening of the

collector region is appreciable° This case has be_n treated by Easiey and

Dooley (26) for _qe germ,_an_um_oy-_ tr_-_istor" "_=_._h-_ ur_forz" ccncuctz_ty"" base

region. His results may be _ "'- - _. "

, _ Wo2K C_/2D) _ ._ 2I/h_,E., = t!/,TE ° + ('eC/_ro)

for the case _fnen _o_ 1/K _o
-f

Or in tez_-s of f!_eqaency cutoff patterers

_ Qooi O_

Thus_ the lifetime damage constant for silicon and ........-...._....:-....._- .......

given by

_i_0 -_'

widening (i.e._ a change in f b) is given by

K : (hFJ  /t -

The res:Llts of the cal_ulation of the d_age constant for proton irradiations

of silicon and germanium transistor is tabulated in Tables A-VI to A-X. For the

PI_ germanium devices no damage constant was calculable for those transistors

ex_hlbitlng depletion layer widening for _ich a final alpha cutoff frequency

measurement is missing.

33
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3. S_2.. RY

The average values of proton damage constants for germm_lum and silicon are

shown in fi_ares 5 and 6 as a function of p,_-oton energy. In figure 5, the RCA

_nd E'TL solar cell data is shown for cou._rison.

Tae results of the calculations of damage constant for n_atron irradiations is

shown in Tables A-XI to A-XF. No plots of this data were made because of the lack

of adequate neutron spectra information. The estimated resistivity _d caiTder

concentration of several tnunsisbor base regions is she-_ in Tab!.q A-XV_.

Refel_ntln_ :the open lit,._rature data on ._cx:_o_ ....__. __._......__,._:_=:zge

"- "_OSLLDie R@<O'_= .....> _ _Cii_.b--C nu_A%rcn-Dr-'oDn

correlation. The reasor_ fo.c L,hls are:

_en_ers had us_ ':....... '

.......... =c_ on difz erent %y?,:zs (:,,zadequately for anal_ ___. The neuz_'_on :__"_-: _",'"....' "

set.conductor devices and _terials al_o intr,cd=c_.s a _,__de sprz,,__ in ..........._,__._.o

b) There h_s no data which was taxen on o_r sr_u--co_ductor s_}i_'l_s u:-_cz"

both proton a_ n_zo.tron i_diatiomm.

Other investigations have also found difficulty in __n&iyzing _....._....'_'_-_.

determine a proton-neutron correlation as indicatsd below.

With reference to Table V RCA (21)pointed out the ""_" _-slm_il._ _ _y o_ the electron

and proton values and the difference between these and -_,heneutron values. The

_lues of K for electrons and protons are very nearly oropoztional to nd, the
5"

%_,tal nmmber of displacements, whereas if electrons s__dprotons are compared with

neutrons, the values of K are more nearly proportional to n . the total n_nber of

collisions, than to nd, S_ = the total nmmber of lattice displacements per ccntimcter

was nearly the same for neutrons and for protons, this suggested to tham that the

elect_cal damage resulting from the high density displac_ent spikes occuri_g in

neutron-lrradiated silicon was far less than that produced by the same number of

individually displaced atoms produced over larger distances in proton irradiated silicon.
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TABLE V

COI'iD_ISON OF D:-_.._._ECONST!:_TS IN SILICON

P_3_TICI,E :-i_v _)rain n nd n- _3q:e p-'_ype

Electrons 0.75 48 ° 0°65 0°65 !.6x-lO-7 10 -8

Protons i7 0.21 ° 185 1-2xl03 l0 -4 2xiO -5

,,e_t._._ 17 O.21 ° 0_i 2-/_x103 l0 -6 4o_!÷:iO-7

i',O.

19

_,mln = mirJ__-_u_catter_ing _!e for :gulch the ::ooiii:_: silicon &s_':':possesses

_::fficient ener__j to bs _SlO:_:ace.

n = r_m:h-_rof collisions per cent_:._ter of %r::vs__salof Lhe _tstml for :.-h;_ch
c _.">G._n ..

nd = total :_:,'o_rof di_3_ces silicon ato:s "s._::-cen':.<:_:terof %rav-.rsa?.of the

got:_: th_ :_:_i'.a_'_-_rcpo_,% _c_z nc.t spacif:, :d:,-::-:::"_-::r:hi::c2cc':::_:-::::.-.._.-sf:: :,:._::c

For p-t)_scautioned that they must _t be interpreted az m'ach _ore than _j_idcs,

silicon of about 5 o_m=c_ _he Comparisons were app_oximmtely:

40 Mev protons: 1/_ 2

1 Mev electrons: 3 x 103/_

i ._:evneutror_ 5 x lOZ/_

Co60 g_a rays: 2 x 10-3 fads

He po_:t_d out that _my more ccmpa_lsons of this sort _ast be made in detail

before a correlation cou_% be established with any co__iaen_e.
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A si_i!ar c,mpa__son _s mane by _÷_ _ (27) and is tabulated in Table VI

Although no dlreci estimate of proton-n_utron _dam-age_s repoi_ced, an estlu_ted

value is Inferr_i f_m compa1-1son of th_ proton-electron wi_ neutron-electron

_age rates.

They s3.so _n t2.__tthese values should be used as or&er-of-mag._itude estimates

since %_he _aantities wet.: selected on the basis of cc_-pahibiiity of data, a ce.rtain

_cur.t of theo_e-hical co_'_.deration_ aa_ a lot of g-_'ss_._:orko



TYPEOFRADIATION

TABLEVI

R_ATIVE DA/,L_OERATES_ SILICON

_o_i_i_u D,_£_GERATE
_aTIO(_./B)

A

B

A

B

A

B

A

B

A

B

A

B

17 mev protoP_

0.75 mev electrons

_O mev p_to:_

i zev e!eetron

Fission _:--_

0.75 mev electron

Fission neat_._n

1 =_v electron

I_ _ev _o_on

Fission neutron

_0 mev proton

Fission Neutron

900 (see note l)

5_O (see no_ I)

i0 ,,C-.,-_ [',_O'£e2_]

6.8 (see note _,)

Notes:

1

2

3
4

values estimated from data on degradation of Solar cell eff-,clc,_cy

value based on data on damage constants for Solar cells by electrons and
p-i-n junction by neutro_m
value based on carrier remo_l rates

values inferred by c_parison
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C. _fPE3___TTAL PILOGRAM

a. DESC_IPT!0N OF SOLAR CELLS

Several types :,£ solar cells _ used in the croton. _nd neutron __....._on-__, -

e_xpezV_mcnts, k,_pro'_:imatsly eq_ai numbers of p on n eeL!s and n on p cells _ere

used. The p on n cs[Is wets made by Hoffmann with an Advent designed grid str_cture.

Those ceils a_o ! Cm _ide x 2 am long mud are approximatel F 20 _-_i!s thi¢.1-. B_fore

the _...."._.o-'.",-_ " " "_,._u__,_._ "dare !erfo_ed_ the sho__c "".... c_.6_._ :_naer a czzec,n arc

,__s obtained° _-_--,_l_,'_. ;:'_o_- " "u_, c.s.ilc '"......... "_"_"" s:'.--_:_t _" '_":...... _ur: ::nh:: fell ':.:_cn n

a ran,:_,eof 60 to '_3 n!i!:_z_._S _ -_-'., -;_...... O_% test°

These cells all halve sJJ_Liar V-I chaz'act_i_stkcs a_ _-",_-_ .23nvs:'sb:..:: #,-"...... -: .........

_nder a space _-n sou--,:e ,_ich are scatc_:o_d " ' _...... '_ .... " . .....,T_C:i$ p:_ ...'_ -'z 07 "7_ C:;...LS _.701"_ .':. J.t_

by RCA s_d t_re used becaus_ of _he increassd r,,_P<'_ rcs:ks-gz:cc cf t.h::_st:m{_

cell. The zhox_h circui$ c_vrcnts of "ohms _,_. cox:..,;;_,...;:_:c: L _[.::-,c--" ::_::-_ ,..d ;,.h:.n

the p on n -"o_...._ ce_.s. The ,*_]_._..... _ usad in tnc_e" zeaswoc-: ...........-s had s:_ort_ ci: cu:t

currents which raze±ca .._'_'o_ aoout 55 mi!lienp_ to _,<qn'_:.!7_i_:.:_:.;,,,_ _ _,_ ..,j_;._ _:

these currents cer>&e:_!] about 60 mi!liamps, it was also oh.serwcd th-_t duri.,_ '-'_,,.

V-I characteristics r.easur_ments m &_od portion of tha cells ez_,ibited a very

erratic current. In gene._l, the breakdown voltzge in both the fo:-w_rd and reverse

directions was lower than for the p on n type cells°
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fe_hys before the e_srim, ent was per_o,__ua. He found t_m'._the energy of the be_r

at the exit tube was 98 msv in_t_.a:._y. At tnms sne_gy d_ere was eJ/ energy s!_'-'_a

of l_ss "_.an Imev. In order to ob'_in the desired ur,ifor=- be_._ over a large a_-ea

a_i also reduce the beam _%te_mi-hy to a usGab!e level a i0 rail _ _ "'_s_ zcar.-Lerer _,_s

_=_._ _:- the exit Dor_ before _ine drift tub::. The ox'o;_.onatksn ..........; the
. • _i_' uCl ...&'

drift ...._ " __ ..... of_,,_s and tmavei_ zo i_he e._t %!ndow _" _" _-_s

of t':e ........... t_.be ............_ :g_:i :2D gL _'r ..... "

d_nsibcme%er. "":_ %r-_mmissi<.n ,_..__u_-._j is Or_$:_:rgic.::_.! -",- - "_:"....

_nt ..... _c:, cf .... _ _-_-_._=_~......_.._ _ ae,;--%zJ-ine& '-"-u0£. v.,::..:2 -:/:xLL oi" :5h3 s_-hiCa! dg.ns',..5'_.;.

A _ot of :£_._s be_ ='-_ ":" ,:.-,, ;,,-_,_._.,,.,_ a:._, ::.rc:_.g::_.t £/rc::3ion is giver= -.:,

eo_,,,==.,ea a .-oaa_.',.- into which _-'-_ " -_ ..............................

a .... <s _:_ irz_aGia%ion, _n,_. soxar uc_i,__ :<.st,:. ::_-u:,::h_i ,-_,_..-tng a.._c,.v-: p_,,.._-__e

2
and occupied a total area slightly ovcF $ cm apprcai_:zto!y a% thG center of the

be_ tube. By considering th_ =....:_,_ in ........ _-_ ....."_- "_ ar_a

question it is found that the p1_o%on i_ux -" _ ; _,+ "'. __.._nu__c.._ on __e 2 celia _apies by _ _s

tP_n 5%° According to Dro R.E. Beli of the EcGiii _.dJ2.tion Laboratory the beam

should r_main flx_i in space ov_ a very long per_oa of "_f_L:eso _,::._ .._ _,::_.La_ion

in b_am --_ "_'vIn%_ns±,.. as represgnte_ here should be "_hat _£nich e_:isted duYin S _e entire

i_radiation.

The proton __tu_ to wn_cn the cells we_-a exposed _-ms msasurea by a Farra_ey cup

which was connected to a Keithly _-_ _ the c_gpu-t of _lich -_s fe_i



b. D_CRIPTION OF _DIATION FACILITIES

i) Proton Accelerator

_e proton accelerator at th_ McCill University in _ontrea!, _aebec, Canae-_ is

a s/nchro-cyclotron having a pole diameter of 82 inches a_%d a magnetic field of

16,500 gauss. The RF frequency is modulated sinusoiduaily between 28 and 21.

megacycles by a mechanical rotating condenser, s_ndthe p!-oton acceleration occurs

in the 25 to 22 megacycle range. The accelerator is pulsed at a fzeqaency of _0

cycles/see. In order to obtain a ratable b_a-_ c-affronta sc_.l'_.,.u_ur_.t ;_usused

on +_-_mod_.ation frequ_cy _f_ich could scale dc<_._%1-_i__<._ cup,rent bj a factor of

two up to a factor of 32, in our expc__r.ent the i::f_-tial_.==dia"_;ion;were scaled

doom a factor of four _-J at i_il bemn current %h_ tkne _<s incres_s{d ).n o_dcr to

obta_ a higher tot&i intezrated iq._O:o The proq:,n cns:_21y_=% the outlet of the

accelerator but still ira!de the vac_ system is _:3mev. A i0 mi! brass disc was

inserted at the entr_uce of the drift tube. Ti_e en_::._g-__osz thrcuC_ this br;m_ _ns 1.i

mev. A I0 _! a!_n_m :/lndo_ _._s attached to the end of the d__'ift%u/so. The

_er_j lost t_hrough this _indo_ was 0.4 zev so that the %0%ai energy: loss of the

protons was 1.5 mev m_<i_ the a%_i!abie energGz of the b_ 96.5 mev.

2) Reactor Facility

The fission plate at the Batelle Research Reactor Facility is mounted on the

end of a four foot square thermal _olt_nu of graphite. A large sheet of boral is

inserted between the fission plate _ the thermal coluz_n to absorb the thermal

n_trons befor_ they reach the fission plate _hen irradiation is not desired. The

fission plate itself is a circular plate .0199 inches thick and 28 inches diameter.

consisting of uranlum-235 of 93.14-% enrlckment. For all practical pu_-poses the

fission plate is a plane source. Measurements of the fast neutron does rates off

center llne from the fission plate Lnd_ate that at l0 _m off center line the fast
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ne<tron dose ._-_'-_.-is only 2½% less than on the center llne. Our smp!es were

located nob more tDmn 5 cm off the cenher line so that it can re_Jonab_F

a_s_ned that the neutron flux was uzJ.fom to -,_t_nin about + I% ov,;r the _a_pi_.e

i,se_ has a r_,_x_r_.uaoover of 2 m_ga_-atts a_,d is a _aterholder. The reactor + "_

_, _ .... ,yo reactor. It is shielded by t'_.c_od_.a_ed, waher cooled enriched _:ranium fuel _ e ..

water in the pool plus concrete. One slde of the reactor is _iJacent to tb_

thermal colt_mn, the end of which is the fission plate faciiil_y. The 5 inch

di_me%er -_"-,_" " ...e irradiations were oer-,o_le_ _._s .._.._num tube in which "_ "" " loca%ed -_- - ........+_':_"

2!;in'_hes f-_c_<the corm_er of the reach.or _;-hlch _,.s apOro_<i:::_-_ely i_ecl,an<u!ar in

sWao_ The center of the "'_'.-,- =_" _ '"-- ""-""-'_._-: ' " ",.. ,_. ,,.,¢_.__,_,:,_ W2.S ._S<-,:.,.--:,-_ ,:,,:...,,c.,_. ::,1%<'f/,55 &S,a.,,'O _.!'_e ,__.C-ibGk"

line of %_.e _ - _" '"

)

)
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in_ a Leeds & N, rthrup strip chart recorder. A brass plate one inch thick

with a sc:aare hole through the center 7/8 inch on each side, was placed behind

the za<ple holder near the ben tube cult. This hole was carefully aligned with the

samoles ,_-henthey were mounted _-n t_,z f_<ture such t._t the proto_ passin_ thrcu{h

the solar c_,lls would also pass %/_rough -She 7/8 inch s_aare hole in the brass plate

and f_ thez_ into the Faraday cup. Any protons not passi:.%_ through the square

hole were s%eppad in the br_s pinto _nd r_t collected by the Farads)-_ap. Tbas

the b_nm current a_ mea,_ur_d h-as _iuzt of prote_s coming thresh the 7/8 inch s_aare

hole. In ord:r to ob"cakn the total integ_atci p_c _:n flun r_zzlvcS, by _t:e coils

d_:ing a given _:,qDog_'_ the ,:_,,_.%_::_tof t::_,,_eiaut?::__.r u:, r_tord<d c.n the strip

ch_.rt recorder was intcz._at{_ eve:- -the tg!_: c:? qkc _:i_c:u:_ :=zing a pic_t_aber to

mea_are the are-z 5_der "bhe cu_-_-e, -n order t:_ ds45r._nc %Be r_pr-f;ccibiZi%V cf the

results each c_arve was _ea_arDd over the top __::,vtion of the cuz_ a_l again over

Z_,eb_ttom portion of the cu_+9 at l_s:_t t_dce° if the results on suzcesslve

such a_reenent _ms m_-_ On ...."

_s t_-_en to be the actu_,! area _nde:: th_ cu_zeo ]it is bcS.ievc-i th_:t the :_roton

fi'_: determi_d in this m_m_er is a=cur:.6e to withh_ j,u. _=_o is beiie:,,_d _' _

_h_ Faraday cud measured accurately the total - _ -__-_ _ o_o_o_.s, incident on the entrance

window of the cup since it was dete_in_d tb_t by va,_-Ln Z the voltage on the entrmnce

window with respect to the cup itself no aporeciab!e effects %_re obser_-ed for

voltages ranging from +300 %_its to -300 volts.

!The neutron irradiations were performed at the Battelle Memorial Irmtitute

Research Reactor Facility at West Jeffe_on_ Ohio. At the Battelle Reactor the

fission plate _,_aSused as a source of neutrons _nd a tube in the pool naar the

reactor was us-_d to obtain the moderated nsutror_. Eight cells of each t}_e were

exposed in both the fission plate _nd the p0ol. in the fission plate_ the 6-1nch inside

diameter aluminum tube reached from the surface of the pool in which the fission
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plate _s .u....._nea to 2 belo-, the center of the fission plate. _ne

oo_ar cells _.nd the monitoring foils were [_.ounted in the holder as shown in Fig%u-e

10. For the dlcte_nce of approximately 4 inches about the center of the fission

plate the neutron f_±ux is constant to _[thln about one per cent. (_!_ The samples

w_re lowered into the tube by means of a 1/4 inch diameter al_In_ tube attached

to the sample holder. The top of the a_i__dnum tube _s bent so that the semp!es

could ai:__ys be crlented in the s_e direction during the e_osure. For all ,oractic--ml

__urDcses_ the neLvbron s_ect_ at _-_n_fiss_cn _iace is a ,_:_- s i'is_io:, soectrun_

Sulph_0r mad .._c_-e'_th.e ....o_ foils _.ere "'- _:to _:or.!tcr _::e !i:._:&_.u_im_:::he irradl_.tlon

ar.d a kno_'lc_e off the fission __Deetr_am "_._suza,J.b_ <:]_hLi.n"ghe _o_._"".......-_._-÷ i'iu3,from

these meas-ar_ents. The _^_ter + =_-.--;,+_-_- _-_........ =' -' --,.,_u,_£_..,,_e _u..._.,_, L g]L_ .;.ig, C.;.O_ -_,-i __e "-'-"'S_"_"--_S ._1_S

70°F o

The tube in the pool _....._pproximatel2- 5 inches i_._ __=_:_-,-*--_"_ sad at t:_e..

" "O
bottc_m of tb_.._ tube a ca_i'_ bas_:e-'c 40 .:±._......._h;_-:,.... a_d _,._-:'----_-_._-2"- " "'" _ '-'" _ " -__ i_:c,:::e,s £eep

_s inserted to remove the '-_he_! neutrons. "u::'___.nLu<_-:,,__:c,:,"-" nici<e!, "'_ ...."

al_min_ foils "-:ere used to obtain _z_'_n'_'_on the _w_.__.<._....._ c.u:__c _-_ she ..___]'.ne'a_ron

energies° A e_dmi_ difference technlcfde utillz!n_ ""-_cu0u_-,, foils _.s used ho ohio.in

the resonance and ther_l flux. F-_r_ ii sho_s the ?[att_s fission smectru_ and the

moderated spectru_ as hardened by the 22:• inches of ........._:,__e__beu:<ee,, the reactor core

and the tube as it %zs located during the irradiations. The neutron _xu_x"}_s mon-

itored _<Ith sulphur foils during the irradiations and the measured spectrum _zs

used to obtain the integral fast fl_or-. The so!ca eell_ _ere _uun_ed on the sample

holders as in the case of the fission plate experiment and approx _Ima_tely 24 feet

of 1/4 inch diameter alumi.'T _ tube _,_s attached to the sample holder to Inse._t the

samples into the tube. Again, these sa_mpies _re maintained in the sm_..eorientation

by means of _ bend at the end of the tube. _c ,_ter temperature in the reactor

pool w_s approximately It is ass_ed that sa_-_ples were at approximatelyll6°F. the

this temperature during the exposure since the samples %-ere in the_pool for at least

one minute prior to the expos_eo
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-_,"_=_o,_ ar_ m_ _te_._a! power yappiy. As the vo!-_Ze f_cm the V_,er m,pp!y

uas var_a_"" +_.... _i__ n z_g %he o_ oh-= r_sisi_r _,a_ fed %0 i_c ""'_.,._._u,-_ _c:±s"

of _n _A-Y __i=_ and the voltag_ across the sola_ cell _--_ fed lato thc ,_o_ri-c',",__,_=_

p ............ 30 -,.'-_'-,_, source 1.03 ...." ..... :_<'.:..:L.: ::-.Lsi_ (;!k-S::: .... _...,_,;

by u,sL_'_',g a ",,---:;'--ken L-',_o ;n az,_ icC;.;-.._ .... _ ..................... "_,.-

above and be!o_: the -!o03 ...."............'_ .......'_":' _ .....'.........." " -

trc.nJzaLSS:ao_ _._,SeCz::.k',..:.,12.,..i.,<,,"Ze_ ,=..:_.C...:_ ,=,., _b,':l_ __.,_.,._-'_EII.'I:L<;V;:_ _._'-'-";_,,.,.,,.-v=::.!<::::3n %he

tr_-_ission was 5-_. Th_ _If-z_dth o_ -"_,,-.:_'_..._...,_._.._..,__,._'_"_-=,-.... _'._,-"'_............,,=.., _cc_"--' 0.05

_'rface of the solar cells -=ridfrom this measu_-_.:,-_t_ "_h_ "-. '_,,_o_ _ circuit cu_'cntmn

be used to deter_!ne the _"_,_uslon" l_._thtof the c_il provided _e variou_ other

quantities are _ow. A description of this u_h.n!,_e _o_o_-_o
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Tas _eor_Jhical cxpression for ths _pectrai respo1_e cf the short circuit

_rrent of the '-_-._eregion of' a silicon so!e2 cell is:

I=*-= Ne (l-n)__k_ e_&d
i+_:L

! %

_h.ezo -_c = shot'& cI_% CU_T_n'h dcnsity in _p/c._

N = !nc_:"_cntphoton fl_ __d_sity in pn_tor:_.l_ se,.

d = j-_nction -"....._,

.... -i9
R = ._/1.6° -_-_:_ hv

9
where H = ahso!ut_ _- ..... _'--,_"- "" ' ""..... _'2 in ::z'_%si'c::

The diffusion length Ln t_,_:_ oe nea_u_d ,v_- _....-'-_....is _.m---_,_*r;..... by

(L) -I = (l!0 H (I_)/1.2#2 is=) - !

At 1.03 _crons +J_.eahso_tion co_f,-___n_ of -._.__,..,.:_ ,_,__ l!O c_'a-% Th,_

refiectivlty of s_veral p/n cel3_ _:as -e _-_,....',...._ "'_ z_ou-n'i 56 to

11.0% _ri'chthe nean falling at "g.±>. gn_ r_f!ectivity of _e .,/:J__ ......

8. _ to 12,9¢_ _,_'±_ha meem of 10.8%. Deliv¢.xD_ .... " ........ .._ -.:-.-_- -

-ore- and post- measur_em_ _r_Or¢b_ir4 m_d_ on _.! "_ -

The incident Gne._:V.,..:_<ile _olar cells zz_¢m _,_ ono :_:taronsource wa_

determined to be 60 _,__._,r_a_/em e_,tLuat_ "5_ be ^r .... '- _,..... :_r::._e to ,,¢ithin less ¢!m_ 20_

I% _s also found '--_:- _....t:_ t/qs intermity Va__ed by _'+ 6% at the tvo positions at which

the cells _ere measursd.
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Four cells _-ere obtaLned f_om B,,_!!Te!_ohone Laboratories the dlf__si_n ic_gt/:s

of _hich __d bcsn dete_nsd by __.... ".... _ ..... _,_c_e. The .... _"

lengths of %.hcse _s_e cells were _e._./rcd _'±._ the one mici_n so-_c,_. _e revolts

az_ given in Table VI_
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T_%BLE VIi

Cell BYL Valuas P._ Vaiucs

9t:45£ i3_ " ....

879 _ 7.60 " :.-o?:_ -

If one co:._ac_ _ "the ..........""_

!

I=c -_=

for _ Lu_<!_ug_ "-' _ " ' -_-' - .......

q

cc_.._._.Gz_..._ebet':_._n t.,._:._:---"-'_',_".,,,_.,.._=_,.,wl"Z.ca ara, n_2._f.L2 c_._.........: _.___.,-)-<t, " ......; _: t:-o--i-, ?,:-r
,,=..;; _12

acs!! _<-th a _f-fv_cion lu_._,.u of =L_'c _ .....

them the accuracy of the diffusion length is stro_].y 0.s?e-.d_nton the valu.e of

N, ar_ %o a _alier degree, the reflecti_ity. Und._crthese condltions a I_ error in

tb_ value of N re_Its _ about 6_ _-_3r in _e _tffusion l_;ng_ho Ho_ "or, as the

diffusion length decreases due to _ _ _ _ _,- radla_o,, c_2._¢ the error in the difDusion

l_r_th approaches the error in the N. Also, ti_s ei-_or introduced by the r_._'_Li"_Ltj_ "_

becea_es loss i_._ortant°
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o PZSb%TS OF __

iVe difDasion length of the minority carriers in th_ base region cf _,:,_solar

cells _as calculated x_rom the short circuit cur_nt response at one _cron v_ve-

length by means of Equation #_ __: o _%e ex_.eri_ntal _ta sho_ring the diffusion

Icng°hhs of each cell at the v_rious energy le%_=is of irradiation is presented Jn

tables B-I an_i B-2 in Apr_nd!x Be It _lll be noted _-_.........u there is considerable

variation in the initial diffusion lengths. "The lea'got values of .............

xung_n a2a nro'Dab._ due to ei-rc_ in " "_"

x_m-_ menc_Y_,s, the aceu_-__z}- of tn_ _ca_:c'aLt%n-b C_ccreaze_.

constant was c_l_tg.aSeC _t e,-'eh dose l_v_l -t:._i__:,Z %he _ni_._a_ _,e.lr_ ef : "'_ _....

length in each case. _or a _rticula_ t_¢o el ce.u_. <[i_:7=_o_ n/i_7 _[._ _,_PL1c±e

en_r_-; all da_g_: c,Lnstants were _,_,_ .......... a_rages _!tn n,_:Umuz_ ,:nd

minimum values are present_d in table vT_UZ.._nd iliuszr_ted in fizure 12_.

The de_Tad_tion of solar cell short ei_eult current _t ! sun i!l_,-_-_u_e%ion

due to proton and neutron irr_dlation is sho_,_ in Fi_res B-I through P_8 in

APlgendlx Be The complete voltage current characteristics of typical cells _re

shorn in Figures B-9 through B-20 in Appendix _. The degradation of shot5 circuit

current is in agrcez_nt %rlth e_dsting knock-ledge of solar cell daz_ge m_chanlszs,

i e , decreise in shc::_ circuit current th_ou_ _ _ in ...... _ _ -_

These curves pre_enb a common b_se for co_p_rison _th d_,ta of other experimenters.

_ne complete vo!tagm-current el_racteristics revel, is that the r_e_m_nent

d_m_ge to solar cell d_rk eh_r_cteristlcs is not similar to permanent d_'_ge In
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D_"_'_ illr S_'I'T,_,.-[_COIISOLAR CE$._L,S

n/_

i_/n

_/p

PARTICLE

48.5 i_v Protons

48.5 Zev Protcns

_ _._v ProtczD

68.9 i._-ev _rotons

96- 5 _,_v Proton,s

9_. 5 Z_i_vProtons

Fi sslcu 2!=to

Fission I_._te

Eeutron S_sctr_

_&oder__ted

_atren Spt ctr_.

_o_erated

iCeu-_rcn S_eetru_
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cicae char_cterlstics. These curves -'!so indicate little change in char-cter-

_h_ _II cells _anc_icn_istics throu_out the irradiations, _i_ich indicates _ "_ " "

prope.r!y after each irradiation.

0
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Do D-vSCUSSI0I.T 0F _StcmT_

A iJroton-neutron da_g-e correia%ie:e, for the _ffusion !eng_l_ c_e in silicon

solar ceils %ms ,!eler-_ined through bhe prmviousi¥ _scussed eL£_ri_mentai F_:cg__am.

Table IX Elves %/:_ correlation for- the different proton energies versus the n_utron

si_-_ct!_'_. _nis "_a,_done by co1_ing the resi.ective dlfx_.sion length damage const__nts.

._-%lg-lre_4 also _-_ho"_t_e ._es_cti_ _;_ooges in '_-_q_ _ fo_'.-- -- e.- c_z--iC=-

68.9 _.?_.vi'-_i_ns

Fission _utx:_ng

t_derabe& Zeu-_ro:as

90 n _I

68°9 l<_v Pz_otcn_s 2.42 1.04

48.5 _fev Protons

}_,_dera%ed i[eutrons
_..[6 1...t2

One should be cautious In using these da_,_go ccr=_ei_2.;hions_ As :zaz 2_"_÷_.a_:_._out in %'_'e,,:

theoretical studies and substsmtiat_d b 7-our <,n_irical "_rk on the data from literature_

the correlation _lll ._._ _._ing cn_

l) Basic _:i_teriai Fmsisti%_ity _ This varies among c_[condu_.tor de__ces and

ty__,_s.,de_D_'_x!enl,on bulk mater4_'al resistivity, z_acturer and

r_mufacturlng prmeess.
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2) Basic _._aterial Doping and i_--_urities - Differe_nt types of senico_ductor

de_._ces uze vea-ious doping materials such as in_J_lum, ba_n,

etc, _teria! Drocessing de_ndlng on %_nether It is man,a-

factured b3_ th: floating zone or pull_ process _¢ill have an

impurity pre&ominance, such as o_gen, ,2nich_ In turn, %_lll act

as a trapping center for _-ucanelez creating dei_cts.

Table X &-ires a co_ison of the _roton-neut_n co_re_a_ '-_._.....tb_t ha%_ _-ms=.....

_A (2].)

, DO2

Fission Zeutr_ns

i8

40 Mcv Proton 6.8

Fission Eeutron

In the case of P_A, their £ete_-Ir_ticn _s based on 17 }_mv neutrons and an

assumption of isot_xpy. __y also hs.d censidez-ad the zeutzcn d_age to be uniform an.-/

r_ _lustering. Bell b_:d use, for co.m_arlson_ a semlco._,uctor material of 5 ohm-cm

and _e had used in our experlm_nt a value of 2 ohm-cmo Batelle estimates _re made
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pr _Ins_-ily based on literature data, in _aich, they dO caution the reader of the _aezs-

_rk t_ usad. In ncze of the above references, _re there controlled e;c2erizents

conducted on the sa_, s_',21es -_!th both Z;_0tons and neutrons.

An ad_tion-_l ob_tlon ._as zz,:,_,_ during this study _-hich dces not peztaln to

the pi_ton-meutzon d_e copulation; ho%_avmr, it does concern the aif_m_o,_ lensth

da__ge constants _ich we have determined. We have not _greed _Ith the B_ (22) data_

_nis is iJrobab!y due to the difference in diffusion le_-_h _ng-t.a .........._.... _

Ve _d the £._I_- micron tcchni_';_ue__nereby ........tn,_ u,_a= _ acceieratcz" _ethodo _....also

san_ cells '_'_ "

to .... _ "- t_ -

from theoretical models and .... _'..... _ ..... " _- • ._.... ou_--2,rat.on data.

in Table XI, our results for the _roten data a_ sho_.

E:aergy luzess Section cm-± _..
.Mev _ c Collisioz

48.5 [

68.9 i3_ol

I  3.8

i .....

X-I

_L _

17.m_ o-5_72. 2L _0 -)

,. "7 4_25, 16_ 8 "" -

93. 8. b.

I. 24zi0 -6 I •4_0 -6

!

z.35 [. 45

_Caen the llfeti_c damage per vacancy _r cm 3 _ Table k_ is di_zided by the

lifetime damage _r defect l_er cm 3 from Table iIi_ :¢e again ob"&%in an estizat_ of the

number of defects.
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1 o_hm-cm !9.5 •35

2 ohm-era 25_ 3 .60

_neze numbers are still not reaso_ableo This could _ because the theoretical

_ s are %_cn_ or incorrectly a_pli_d. We alre_iy _o-.:,_ a_e not acco'_nt±ns for

the dar_._e :,_e to all defects° We _,_ a_su_d theft all _mage in the P t_. is du_

%o the oz,D-ZL_,defoe% and 'all dsrm.ge in ['[%:_e is $_;m to -the _vac_..L_:Vo
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Vo CODCLUS!ONS

Tee stu_ _c_am has a_c_d a prcton-n_ut_n d___je corrc!aticn in silicon

solar cells _nich ranges from °6 to h,8 de_endin_ on p or n t3_e base _tcrial,

_cton encr_- and ne_utron s_trt_o L_ is not kno_m %_%ether this correlation _u!cl

a___!y to other semiconductor devices.

The att_-pts at arrlvir_ at a correlation from theoretical considerations using

the basic _c_.hanis,ms of dam_g_ by >_ote_L_ _ neutrons in s:r_ieon_uctor z-_terlal -_-a_

-_zucceszfu&o ._ d _a_a._._ prcces_es of the t_ _-_ _clcs a_,_ _,_ .... _y different°

_Y_ ¢f ';"__+ _-_.-':-'_ _,-_ .... , _ _Or

_h_r_de___d s_c_ccaduetor d,evices ,_dll pzo_ec4 in _i'f'ere:.-L.L_Lc=tic_s for neutrons and

_rotons.

In the stud_ invol__ng use of m_sting d_t.a in th_ l±t_ratuw_ it _s not possible

to arrive_ at a reliablo empirical naut_on-!_oton __+-_.,_

_'--_o_rzluct__, d_vic_s andspre_ad in the neuron _e data _ue to the _e of various _-_-'_ _-, ---

_ypms of materials, inadequate re_orting of dnta and no data _,,_ilable on similar

semicc_ucting material under both proton and n__ut_-on ir_-_iiat".OUo
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© &_l _TtC:4._,ATIOI_S

Fua%her studies need to be perf<rmed in %his _ea in o_er to establish

adequate neutz_n-proton correlatic_ in semiconductors such as:

i. ._dition_! refin_._ent needs to be performed on this st_.,_dypro_rcm.

_ith the large smount of e_q_erimental @:_;bathat has been t _akcn, a

statistical! analysis could be msD.e. An a_l&ition_h ellor% shou_

also be _pile_ to more %horouzhi_ _ ce_.ccbiT,X c_k" %heo:_ 0 _-!

2. A coz-_e!atlon has been C.etez'm_ed fc:c ::_ff.lc<,:_:_<-:.i:rcc:k:-]_. Does

this co:elation hold for _,nothe2 hU}}c d._.:ic:_;,s5.ch _s c ilcie or

%re,re_sister; }ri%h the s[_e ;_.9_i%ies c :_i ::.:C.-:_--;:LL:£ m:::,c:::[ci'_

Such questions still shoed be ans{._e:_:_6iCo:_-< morning,it corz.eiction

_d if there is a v-_-im'hlon_ _£:mt {_:._,cs _.t , ::_,:::.::l c_::o

3. _!eometie'_,l eDzi exp__er_,_ent-_/istuC.ios on s::;:::[<,::_-:_':c%o:: • "b_il< mc;2.a:,:'Ash

to determine b_tter _-_,Z_ :o_els £oz- b._%h _<o.'_::'_,:<_s _5. :9:_'ote.{:;s o

Effort is also needed to reimte th _.b_,zic ::_:bez!__l changus, sud_

dlsplac_ments, vacancies, etc.; to pro!_emhy c_h_ges such as minority

c_ier lifetime, etc. This effort_ _.fnich h_ been st_z_oed on this

pro_._m, could have far reaching _mpo-_'-,h_ucein the de-_-elopmcnt of

radlation-har_ened co__ponents.

_. In our study progr_n, _ h-_-_ede_._!c,pe_. a one ._nlcron diffusion length

measure_meat te_<[o, ue for solar cells _Z. btCO< material _.izich looks

oromisin_ in t: the associated Instz_dment is convenient_ economicai_

fast, and portable. To date, BTL is the only orzanization n.aking diffusion

O
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o

!ength m?asur_ents and th_se necessitate the use of an electron

accelerator.

A serious discrepancy exist:_ bet_en minority carrier iifetLue

meas_nts using the transient method and the minority ca_-riez

lifetLxe _qich is calculated from the dlf_=asion length me,-sure_ents.

Studies are needed to ir_cstig_te this i'_arther.
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A-X:

_,_[_-_E CONS_k_T _ FOR EiT_CON FPD}_ _iITaON L_&DZATI0_

T 1257

905

952

2082 (_:6 75)

_n_575

_"_- 2 ]___2,e

1_463 D:c:e

1N486A Dic:_

Single C_jstal

Single Crystal

K

2AgE TYPE _2 C _%:_E

n 3o_7 z _
t"

n 2,56 x lO -°

,.d

Z' 2o 32 : _D-_ 3!

n _ 20 <10 -7 _-_o DD

p 2o2,?-, : ..:_ _,__

p 6.25 x 10-7 .33

"7
W 1.60 ._ iO "-_

/

P 3-7i n :r-c' 3_'-

_ 3o4_ ,-:lo-6 ::...

-,S
5.6 ::1o 5_

4.6 r. 10-8 35

3°_ = _o"8 35

n 4.4 x 10-7 36

_ :.2 x _0-5 _5

?[erthei,_

............. ... & Z?:::,.:tt

_cl:s_ '-

LT::.c":_%,,::::..::l,,

K&:;-ipu,7apu

Z_ck, _to_lo

_e_ck; et,&l.
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II&B_E A-X

_$_ISTC'_ _P_IATED AT _-__r_¢_.._ OF !_0_

'40_Z LINAC ACC_-m_P&TOR AT A TOT_ T_UX OF 1.8 X !012 PR_Y'01_/_._2_ P_.

79

_]_ISTDR TRA_TOR BEFO_E

_1302, _PPE l 169 47 __. 2 _.. i

2 92 47 ii.7 ll.7

3 147 50 14.6 !4.5

4 83 37 1o.3 lO.l
5 88 .L8 91.3 _. e
6 ll4 35 lO.O 9.9
7 73 28 6.7 6.5

Onz--_,_hT!wJM

8 68 49 12.2 il,9
9 '_.q- 38 p, 2 ., ,.,.

I0 i50 _8 z6,5 .--,-_< _,
ll L!5 84 .... o '::
12 i35 "_-i 15.3 Ik .._c_
13 73 7i 8.5 8.4

14 T_ 50 5-o u. >

15 51 26 _ < < L.

16 ll6

•7 _05
18 S3

_9 81
20 86

2_I 6i

26 iC. 7 _3- .;"_
38 8.6 8.o
17 , 6.4 5-8

2N743, _

SILICON

22 26 6.8

23 18 3.2
24 27 3-5

26 65 lh

27 24 6.z
28 .I.,,.6 6.9

_9 _o 34

30 26 26

3! 42 37

32 4e 38

33 4o 36
34 38 34

_T

(._o .ls<,_Ic,.,).__.-'

5.9 :.: "0-
,_'.2 :-: i0 "7-

5.7x 1o"].

%o_ x i0

5,0 x lO''

p • i+ :,: i0- I : _'_ cr_+i.,u

m. _ ::C 2_0

2.2 X i0 '
l.O -'-: lO".:,

L .-]. x 5 .i.: .',

I.i x " "_.'-O

!.2 := iC

1.9 ;z kO-'( = --.vcragc

o< i02
i,2 x _c'"°
-' ' !0"" i
4.3 x i0-!

-I
9.1 = I0

lO-"9-3 x [ = average

1.3 :¢i0 6
2.6 x !0-
2.6 x lO-_

-0
i.2 x i0
5.9 x 1o-7

1.2, = z0-_
i.3 = i0- i

-U
1.5 x lO = average

r

6.3 x i0-_

4._ x !o-6
3.5 x io-;

-0

3.9 x i0
4.4 x IO"°

1_.6 x 10-6 = average
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T_2d_ISTOR

_TPE

_I169A, NPN
GEFJ_qT/M

TEAr.IS TOR .
NO.

35
36

37
38

39
4O

41

42

_;337, IUPN

SILICON

43
44

.45
46

47

_8
49
5o
5!

52

53

54

55

62

63
64
65
66
67
68

D
!

69

7o

71

72

73
74

75

*manufacturer' s value

TABLE A-X (eont'd.)

HEFORE

IPaADo

34
41
36

36

36
44

46

32

AFTER
IERAD.
m

52

69

78
78

13 9.8 9.0

z6 Iz. 5 zo. 45
20 i8.1 16.Z

13 :;o.9 9.6
14 l!.O !l.l

20 !9.1 _- _

2O 14.3 i2.75

13 7.9 7 -8

30

63

TI
64
71
53-
82

75

8.6
6.4

12

13

13

I17

131

84
125

147

127

137

O I' "

ii 4-_5LL =" ....
I! '...._-. '--> 3- 59
!0 -_ 20 o,. 74

ll 5.i3 3.3l
16 5,13 -_,.._-

18 4.27 3-SO

13 3.55- 3.13

47

47

5o
42

48

70 I. 39 .71
12 !.05 •72

28 .97 .78
39 I.O7 i.oi

51 1.o -79
49 1.15 -53

63 1.o5 •52

4.8

9.8
6.6

3.2

5.2

9.4

3.0

K
T

1.6 x io"6

zl
1._ X

1._i X

io' ::

lo_ X

-'._ X

• i *. It

I.O x _0"_

7.7 x ±0

6.7 x lO"_

8.3 x _._
"'7

9-3 x lC = avere_ge

_ t,'_- )

i.i := $_..5
i,O :: _._

9.1 "-_c "_:"" -6

o.4 :: iC''_

7-7 x i("'7

9.2 x lO-7..= average

i.I x ZO -7

_.2 x zo-_
5.6 x IO'_
1.7 z i0"-

5.4 x lO -8

9,1 x 10"6

612 x i0-_-

.,.9 x io-_
4.0 x lO'i

1.54x iO -)

8.L_ x 10-6

= aversGe

= average
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Tab!m A-X-rV (eont_._)

"fr_mmistor %T_o

p I.I_ z I0_

p _:._Ix I0"S
i

p io03 x 1,2,:_I
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0 y

S_,_

2
D/n

"pA

J
pl n

5

NO.

0

i

2

3
4
5
f
O

0
l
2
3
4
C
J

6

TDn"__ION L_'_GIH

• , r_,_r, r. ')t_

RIGHT Z_T P_-..j:L_'

27i. 0 14L. 2
"!0

_'_o5 52,0 0,','72 _- IOT,_
27.8 qo. 5 !. 6_ .....

!0o70 .... op -_ _'r"z. 5 . q-p _ - ..... . ,,

6. _7 _.o2. "° c :,.: :!_::L: : '
4 ¢, _o 73 - "

2%.o 227°0 o
40.9 '. " o _ ,7,-, _ .:t"6

z_,o 35-5 .,.._o z,:lo_
!9- 33 ='_-5°_ s.O3_ :: !O::-#

!0.70 L3.13 9-31 .Z L',,_ :;
6.74 7,2_ 27.9 :': _ -_'"

0 !71.5 253°0 0
_-_i 35,2 40,2 ZoO6 u._..-_

2 16.!2 " _ "; ............... '.L! oLeO ".,,©0 .._ .c'v:,_ ,-,

O lw, ,-" _U. £3._ .--_.

0
l
2
3
4

318.0 327,0 0 _O!0
35.i 34.6 1.14 ::' "0
!6.3 16.15 4.30 x ,,_

10.02 10.82 12.5 z #'u-_0
5.28 5-90 39- 5 x _-0""

0 177,0 202.0

l 32.4 36.5

2 17.66 15,84

3 8.38 9-i2

4 5-03 5- 35

0
. _lO

1,17 x _,__0
3-85 z ,_u....

40.6 X I0 '0

,&
"I

S'.!GD:':72:CLL :==_ c._"..'- .........

,.- ,<

<..... . . . :. "° 0 ......
' ' :-, :- 4._. .- ., :;_: -- ",0 _'" "".

,.-- 5-';'J :,: :,0"':_ "_

.....,.O ".-° ,p_. _,.o.. (:, ,_
_b .u_; O, _d- 2: LO _':6
._. :_G 10-. 6.23 x 2.0"":.:: -,.
.} <.. .,_-_c < <"; ::.0"";

.... _) _ _"L
.... :.'-i- :7 J'.:-: ::',"L". 1..... :: ..U a

#" !7

• . . .. .-2,Y ,- < '7 ::. .'.L' ,- I';

"": "l 7: -- *.," . 7. C:'D .. .,,_.--O.

-.....,) ............

lO '> _. 5 10 'o

7.o2 10- 25 - _"" 5
_ ..-o _ 9_,:,: 3.0--o ,,8,72 :Z_0 . _ ....

7 ,°_' 6 "".,_. x lO 6,8 .,..'.'.0 _ -
9,05 x i0- 7,2 ° _" iO "'° ,',

i._ X _. -0. 0._0 ]': .tw ,- :_

'(,'_:o -: -'T-.5 _.'J.o >: --o
L0.94 x ;u 9.23 :: ?_0 .- _,;
9.70 x lO -6 8.60 x i0-° ,



S_2_LE RUN
NO. E0.

7 0
I

p/n 2
.'9
J

4

(CON'T°)

DIFFUSION .L_NGTH

(microns)
RIGHT L__&'T

CELL CE_LL

Ih_P:EGR&T21D

PROTON F_UD_

182.0 239°O 0

17.47 19.].5 3 6o x _0-"

5.07 5.63 35.5 z _0

8 0 227.0 244 °0 0

-. _J.o 25.7 -'.'..C]. x ._......
"I++,_]Jp/n 2 11.22 12.6 3 _.i) x .,v._

o --_ +t _--'++%+:
3 6.._ 7.6 _0 _., +>' 2- .M+'-,_,

4 3.68 3-99 _,:'_',_°8, x !.0=_

9 0 254.0 ,oo.ul')_-
i 21.2 20.1

p/n 2 13.52 1i.2
3 = __,_2 5.74

4 3+52 3.42

lO 0 216.0 80.5

I _-.3 i9.o5
p/n 2 11.8 I0.56

3 o."G2 6.06
4 3.8O 3.55

182.0 197.6

24.9 26.0

12.86 13.7

6.87 7,i5

4.12 4.38

II 0

i

p/n 2

B
4

227.O
72.7
21.1

14.35

8.5O

12 0 _o 5
i 61.2

n/m 2 24.7
3 12.92

4 7.68

KL

(pr0ton -1)

•,mGH..CELL I_ T CELL

8.2 x I0 _ 6.!3 x _0

_-+...-+._o_,- ._U_ 7.+.,'.,.;x iC; .
]_!o o :,::,AO "_ 7+ _ :: i0-°

-'-'._'-"• 94x ._0- u 3 . u,_= :- LO" o

'=-D-=+': -'-; : A L_._ ."Z-0' "
+ - i:!

_+L3+:;iCY'2 j: :<.iO++>
* L"bz .... L+Oi x =u

<. 995x _ S+O - _; -,..SO. ,., _*+23_:d - _ " "++!' _ + "_" q

..... .__+,..u 26:c _-"_.+S ='"+" "= "-+" "

a.<,. o X it+ '. ]iX .=_u +=:.u,-+.- =: ]_0 <
"_<. 0 "r'i'C -'"J'-. x _.,o _o+ ;lk!x _.__,.+..... " 2: _._$ +': 10 -J

i_. {o x i._u_0
34,CO x i0"

0
O.956x 1010

2.% = °
ii.00 x i0!0

35.90

o
_!o

O.957x a-u-l r_
4.8,S x ,lo7]
i7.3 :-:io¢°
45.6 x i0 =°

2."........->

-__3_2:::: .LU %.

2oOz.;x .LO "
_" 5:2 "_ +"
2.33 x i0 ->

g_ 10,'5

i.o:,:.: [$5
+g+° "+"'_")'L _'_--i

! op-:,- ._0 [-
1.69: lO-*

_0-5
1.53 x 70_5
i.91 x 10_5!.77 x
i.45 x i0->

f

.... T^-b
3-33x ±,u .
3-44= !0-

3.70x I0-°

-6
i. T8 x io .
_.+.._,_ _0-°

2.79 x i0-

3.02 x lO--

"+.+';+5
t+

I-:i



.... • " __-dL_i_Z_ .... L .... j ...... _ . ........... : :

91

T_,'_ B-i (C0N'T.)

S_,IPT,._. RUN
NO o NO.

DT_wT-o3ION _{GTH

(=zcrons)
RIGHT LEFT

C_ CELL

L3 0 160.6 171.O
1 52-9 58.7

_,/p 2 23.1 25.6
3 12.38 i3.8

4 7.43 8.!

D_261G_ COI_S'-<_T

I_GP,_V,_ Kr
PROTON FLU7< "_ __ -i

RIGHT C__LL _T C_ILL

0
i.00 x 7n!O

_.94 x !0

.h_ < 0

14 0 22i, 0 "__Dn--O 0

z _;7.9 7_. 5 o. 9zz:: - ,;.o
/ 29,!n/p 2 _7.3 _'°15 :_. ": """_

--.-"+- PP .a.2.9 _. c ;< =.,,.<

4 7-97 9-05 49.6 :: l0z_

15 o
1

n/p 2
3
4

_ 9-0 _} "
op. 5 72.2
27.1 _2o -9

!4.! 15.5
8.!6 $._4

_.o 0 252.0 "c'q±-'_,- 5
! 79.0 79.0

n/p 2 27.7 29.0

4 9.05 9.30

o

o.87 = _,,._o} ,',-

15.8 -"._< ±v 7 ©
49.8 :: iS--

0
. _,,i01.19 x _v=,,

8.5_ = _!c¢_
_ :.0

77.2 x

17 0

1

n/p 2
3

18 o
1

n/p 2

4

137.8 322.0 0

71.5 97,8 Z.12 x !0_ °
26.5 3i.6 8.52 x lOT _'

8.74 9._S 74.o x !o--

227.0 279.0

55.2 64.5
24.0 27.7

8.15 9.16

0
, ..lO

2.73 x =%0
ll. '4 x 107",.,
•"1), mO"-D X lO ±'_

82.8

f

3.18 x lO'_ _6• 2.55 x i0.6
.-- 3.u_. :<

j;.._0 _ __.., d .'.w5 X l.'._ -

c,, ;._ .>: L,S '-' :[:..19 :< tO -°

..:_;D -'d _..J r ...i:;: ;< _'.C' _-
c, .... -.-0 _ ..,, .. _ r.-O

2-.tO =i .:o _4C, .'-_

_1 ., <5

.tO ,.,,. = 2, :'O. ::
._ ._ ,.. _ 'O "_ ,_( 0 ., - if,

3oOZ ::. .... c_ 57 " "-c

2::: : :S "':_ _ :: _ _.-6

:L -_, . .,.. o "-9'- _-< At... _ , .,._ .'.[ _, ,
i. 58 _, .LO''°"_ 3..-49x i0 -°

.27 x 10-6 '" "'_ 10 -6
"' c.- X _0 t ._.._2_; " -O'-- ..... '&O _-

1.75 :-: lO !.32 x .<v ,-
_ lO-°_-Y5 x 1.35 x i0-°

f f
J.o..,__x lO O.L!-6)x _0-'_

-,.P.= x "_0 v !.13 :: _'0 <
-'-_3 ::70"6 l.ll x _.u -

1.67 x _0-6 1.33 x lO-m

43o5

t_

YOoD

{a

el
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SA3_LE

NOo

39

vr:
D_ION LI_;TH

(microns)
EUN R._.HT
NO, C_.fn,

L_T PEO_Ol¢.FLD'X

o 2T4_°6 2_T.o o _

1 47.2 ,_.3 _-3_2 x i°_°_of_

2 23.1 _.3 i2.9 x zo-__3 !3.6 i4 82 35-5 x
4 7.16 7,86 95- 7 x i0-°

156.5 M_5.'
45.2 39.9
!7.9 19.4
i0.25 ii. 2
6.£o T.ii

n/p

O

i

2

3
4

169.4
3_ 2

39.S
io.86
6.85

o

2o0S : _,_..,..,
• 0 c _,_ -L_'#
_*.j ]i ..,.._. _q

25. z_. i: .u..,.:r,
6 5 " Z: I ]: i'O _ _

22

#

Pi n

0

1

2

3
4

187.2

14.65
%85

212.0 0

;4-3._ 2 o_o :,_ zu_ ,,
2i..C S. "=

i2. O 25.8 x ._.'o._0
7.7C 70.6 .:: iO-

O

I

2

3
4

372.0

25.6
1_-.86

8.5

4.75

3i.S
!7.2

9.15
5.!7

3

2

3
4
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